High-redshift quasars are believed to reside in highly biased regions of the Universe, where black hole (BH) growth is sustained by an enhanced number of mergers and by being at the intersection of filaments bringing fresh gas. This assumption should be supported by an enhancement of the number counts of galaxies in the field of view of quasars. While the current observations of quasar environments do not lead to a consensus on a possible excess of galaxies, the future missions JWST, WFIRST, and Euclid will provide new insights on quasar environments, and will substantially increase the number of study-cases. We are in a crucial period, where we need to both understand the current observations and predict how upcoming missions will improve our understanding of BH environments. Using the large-scale simulation Horizon-AGN, we find that statistically the most massive BHs reside in environments with the largest number counts of galaxies. However, we find a large variance in galaxy number counts, and some massive BHs do not show enhanced counts in their neighborhood. Interestingly, some massive BHs have a very close galaxy companion but no further enhancement of the galaxy number counts at larger scales, in agreement with recent observations. We find that AGN feedback in the surrounding galaxies is able to decrease their luminosity and stellar mass, and therefore to make them un-observable when using restrictive galaxy selection criteria. Radiation from the quasars can spread over large distances, which could affect the formation history of surrounding galaxies, but a careful analysis of these processes requires radiative transfer simulations.
INTRODUCTION
Quasars, powered by supermassive black holes (BHs), are among the brightest objects in the Universe. So far, we have observed about ∼ 200 quasars at z > 5 (Fan et al. 2006; Willott et al. 2010; Mortlock et al. 2011; Venemans et al. 2013 , and references therein). These very high-redshift BHs are on the tail of the mass distribution, and are already as massive as the most massive BHs in nearby galaxies. The presence of a few of these extreme BHs when the Universe E-mail: mhabouzit@flatironinstitute.org was less than 1 Gyr (z ∼ 7, Mortlock et al. 2011; Bañados et al. 2018) offers us the tightest constraint that we have on the formation of supermassive BHs. BHs must have formed at very early times and grown significantly over the first billion years of the Universe. The population of high-redshift quasars is therefore a formidable laboratory to investigate their early growth and constrain theoretical models of accretion mechanisms. The properties of the quasar host galaxies are also fascinating, as they are already chemically evolved, dusty and metal-rich (see the recent review by Valiante et al. 2017 , on the formation and galaxy host properties of quasars).
One of the mostly debated issues related to the discovery of distant quasars is whether they are embedded in overdense regions of the Universe. Extrapolating relations between BH mass and their host galaxy properties (e.g., Kormendy & Ho 2013) , one would argue that these bright quasars reside in the most massive dark matter haloes that have collapsed at these epochs (of about M h ∼ 10 13 M ) (e.g. Ferrarese 2002; Wyithe & Loeb 2003; Fan et al. 2004 ), the same haloes around which more galaxies than average are believed to reside (Kauffmann & Haehnelt 2002; Overzier et al. 2009 ). Theoretically, galaxy clustering around highredshift quasars can be defined by the quasar-galaxy crosscorrelation, i.e. as the excess of the galaxy number counts in the quasar field of view compared to an average density of galaxies. In the case of non-clustering, the number of galaxies in the observed field should simply be proportional to the observed volume.
During the last decade, an increasing number of observational campaigns aiming at investigating the galaxy clustering around such massive BHs, via number counts of galaxies, have been conducted (e.g. Stiavelli et al. 2005; Willott et al. 2005; Zheng et al. 2006; Kim et al. 2009; Utsumi et al. 2010; Husband et al. 2013; Simpson et al. 2014; Morselli et al. 2014; McGreer et al. 2014; Mazzucchelli et al. 2017) . Despite the fact that many observational efforts have been devoted to answer the question of the environments of highredshift quasars, we have not reached a consensus yet.
To illustrate the current puzzle set by the ∼ 20 observations of quasar environments available so far, we show in Fig. 1 the number counts of objects in the field of these quasars. The figure shows the number counts of objects as a function of their projected distance from the quasars. Different colors indicate different high-redshift quasars, which are listed on the right side of the figure. The grey vertical lines give the sizes of the fields of view that are probed by the current instruments MUSE, HST ACS, GMOS-North, and VLT FORS2. The environment of some quasars are very clustered, i.e. overdense, presenting an excess of the number counts of galaxies in the quasar field of view compared to a control field, and some quasars have a very close galaxy companion (or a quasar companions for two of them), but some other fields do not show an excess of galaxies. The observational approaches used to measure a possible enhancement of galaxy counts in the quasar's environment rely on the detection of Lyman Break Galaxies (LBGs), or Lyman Alpha Emitters (LAEs). The first method is based on the detection of a drop in the galaxy spectrum when going through different color bands. The second method relies on the detection of bright Lyα emission. While the LBG detections suffer from large redshift uncertainty with ∆z ∼ 1, detections of LAEs allow for a better estimation of redshift with ∆z ∼ 0.1, but could also suffer from uncertain biases (Zheng et al. 2011; Behrens et al. 2017) . Observing galaxies at high redshift, z 5, in quasar fields of view is very challenging. Current studies and facilities suffer from redshift uncertainties, from probing only small fields of view around the quasars, reduced capacity to observe faint galaxies, and unknown selection biases. We provide a more detailed review of the ∼ 20 observations in Appendix A, with a discussion on the uncertainties of the galaxy number count measurements in the quasar fields of view, with a particular emphasis on the possible underlying reasons explaining the differences of the observational findings.
Upcoming observational missions will have the potential to shed new light on the environments of high-redshift quasars. They will especially increase our ability to observe fainter galaxies, and larger fields of view. The upcoming James Webb Space Telescope (JWST) will cover the wavelength range 0.6 to 5.0 µm with the NIRCam instrument, and a field of view of ∼ 10 arcmin 2 , which corresponds to a size of field in the range ∼ 1−1.3 Mpc for z ∼ 4−6. The high resolution of JWST, which should be able to resolve galaxies with stellar mass of about M 10 7 M in these redshift range (Williams et al. 2018; Finkelstein et al. 2017) , will be crucial to observe or re-observe small regions around highredshift quasars where faint galaxies could have been missed in previous campaigns. Other missions such as WFIRST and Euclid will probe larger fields of view. WFIRST should be able to resolve galaxies of M 10 8 M (Spergel et al. 2015 ) with a field of view of ∼ 1000 arcmin 2 , which corresponds to ∼ 11 − 13 Mpc. Euclid will probe even larger fields of view at the expense of resolution, and should be able to detect galaxies of M 10 9.5 M (Racca et al. 2016) . We are in a crucial period. While the current observations of quasar environments do not lead to a consensus on a possible excess of galaxies, future missions will provide new insights about the environment of high-redshift quasars, and will substantially increase the number of study-cases. It is critical to assess both whether the most massive high-redshift BHs statistically reside in overdense regions of the Universe, but perhaps more importantly to assess what is the diversity of high-redshift BH environments we can expect theoretically. The goal of the present paper is to provide theoretical predictions on the galaxy number counts around massive BHs in order to understand both the intriguing diversity of quasar environments found in observations, and how the next generation missions such as JWST, WFIRST or Euclid, could improve our understanding of massive BH environments.
Hydrodynamical cosmological simulations offer us a key tool to study self-consistently the evolution of both galaxies and their massive BHs. Unfortunately, theoretically the environment of high-redshift quasars could only be assessed in very large simulations because of their low observed number density of ∼ 1Gpc −3 . For comparison, the largest hydrodynamical cosmological simulation to date, BlueTides, has a side length of 400h −1 cMpc (Di Matteo et al. 2017) . Previous theoretical studies have tried to overcome the limited-volume issue of cosmological simulations, by either using dark matter only simulations with a large volume, or using zoom-in simulations of massive haloes. Overzier et al. (2009) use the dark matter simulation Millenium (Springel et al. 2005 ) (with a box side length of 500h −1 Mpc), and a semi-analytical galaxy formation model to paint galaxies on top of the simulation (De Lucia & Blaizot 2007) , from which mock surveys have been derived. They show that the common assumption of quasars being embedded in the most massive dark matter haloes can not be ruled out, nor confirmed, and that the galaxy density enhancement can actually extend to large scale of several tens of Mpc. In the BlueTides simulation, the most massive BHs are not found in haloes with the (Husband et al. 2013) , J0338+0021 (Husband et al. 2013) , J1204+0021 (Husband et al. 2013 ), J0203+0012 (Bañados et al. 2013) , J1030+0524 (Kim et al. 2009; Stiavelli et al. 2005; Willott et al. 2005; Morselli et al. 2014) , J1630+4012 (Kim et al. 2009 ), J1048+4637 (Kim et al. 2009; Willott et al. 2005; Morselli et al. 2014) , J1148+5251 (Kim et al. 2009; Willott et al. 2005; Morselli et al. 2014) , J1306+0356 (Kim et al. 2009 ), J0836+0054 (Zheng et al. 2006) , J1439+0342 (Schneider et al. 2000) . We have computed the separation distances with the cosmological parameters that have been used for the simulation Horizon-AGN. The distances or FoV probed by several instruments (MUSE, HST ACS, GMOS-North, and VLT FORS2) at z ∼ 6 are indicated as black vertical lines, the FoV of LBT LBC and Subaru Suprime Cam, are larger and of about ∼ 50 − 70 cMpc. largest overdensities but instead in haloes with the lowest tidal fields, i.e. more radial flows of cosmic gas (Di Matteo et al. 2017) . Tenneti et al. (2018) have recently used the same simulation to study the descendants of the simulated high-redshift quasars. Costa et al. (2014) studied the environment of bright quasars using re-simulations extracted from the large scale simulation Millennium, at z ∼ 6. Based on synthesized rest-frame UV images for the simulation (comparable with those of the Hubble Space Telescope HST), they compare the galaxy luminosity function of the simulation to the one derived observationally, for different models of galactic winds implementation. They find that strong supernova (SN) winds are able to delay the early BH growth, and provide more fuel to feed BH growth at later times. Other simulations have shown that BH growth is stunted by SN feedback at early times (Dubois et al. 2015; Habouzit, Volonteri & Dubois 2017) . In these simulations, SN feedback strongly impacts the dense gas, while in Costa et al. (2014) the dynamics of winds is decoupled from that of the dense star-forming gas. In their simulations, SN winds can favor the growth of BHs indirectly, i.e. galactic winds from satellite galaxies can eject gas and push matter toward the potential well of the main halo, which results in the feeding of the central BHs of this latter halo. The impact of AGN feedback is also investigated and is found to not have a strong effect on the number of galaxies in the field, though this investigation only focused on few zoom-in simulations. These theoretical predictions have been focussing so far on either large dark matter only simulations with semi-analytic models for which the physics of BHs is not followed self-consistently, or on analyzing in details few zoom-in simulations and realizing mock observations matching a particular instrument capacities such as HST.
In this paper we use the state-of-the-art simulations Horizon-AGN (Dubois et al. 2014) and Horizon-noAGN (Peirani et al. 2017) to analyze the number counts of galaxies around the most massive BHs. The simulations both use the same initial conditions, and share the exact same physics, except that there are no BHs and therefore no AGN feedback in Horizon-noAGN. The twin simulations have been able to reproduce a large range of galaxy properties (e.g. Dubois et al. 2014; Peirani et al. 2017; Kaviraj et al. 2017a) , as well as BH properties . The simulations are therefore well suited for the present investigation. As the volume of Horizon-AGN is (100 cMpc) 3 , we are not likely to find any BHs as massive as the most extreme quasars with MBH 10 9 M . Typical bolometric luminosities for these extreme objects are L bol 10 47 erg/s 1 . However, the simulation is still able to produce the low-mass end of the observed quasars, with a few BHs with MBH 10 8 M at z ∼ 5. In observations if we assume an Eddington luminosity for these BHs, they would have bolometric luminosities of a few 10 46 erg/s. We describe the two simulations and their sub-grid physics models in Section 2. We aim at understanding whether the most massive BHs are embedded in denser regions of the Universe, and whether there is a scatter in the number counts of galaxies around supermassive BHs at high redshift. Direct comparisons with the ∼ 20 available observations of quasar environments is difficult as the galaxy selections are very heterogeneous (e.g., different redshift uncertainty, observed surface on the sky, galaxy selection criteria). A review of the state of the field is provided in Appendix A, and the different selections and instruments used for these observations are listed in Table A1 . In Section 3, we study the differences between 3D spherical number counts and projected 2D counts. In Section 4, we analyze the galaxy 2D projected number counts around massive BHs, quantify the diversity of high-redshift BH environments, study how redshift uncertainties can affect the signal, and whether the galaxy number count is a good tracer of dark matter halo mass. In Section 5, we use the simulation Horizon-noAGN (Peirani et al. 2017 ) to test whether AGN feedback can suppress the enhancement of galaxy counts in the field of view of these BHs.
SIMULATION PARAMETERS

Ramses code and initial conditions
In this paper we analyse two large scale state-of-theart cosmological hydrodynamical simulations, Horizon-AGN (Dubois et al. 2014) and Horizon-noAGN (Peirani et al. 2017) . A full description of the simulation Horizon-AGN can be found in Dubois et al. (2014) . The simulations are run using the adaptive mesh refinement hydrodynamical cosmological code Ramses (Teyssier 2002) . Particles are projected on the grid with a Cloud-In-Cell interpolation and the Poisson equation is solved with an adaptive Particle-Mesh solver. The Euler equations are solved with a second-order unsplit Godunov scheme using an approximate HLLC Riemann solver, with a Min-Mod total variation diminishing scheme to interpolate the cell-centered values to their edge locations. The initial mesh is refined with seven levels of refinement, which corresponds to a spatial resolution up to ∆x = 1 kpc. Cells are refined (unrefined) based on a quasiLagrangian criterion: with more (less) than 8 DM particles in a cell, or with a total baryonic mass higher (smaller) than 8 times the DM mass resolution. To keep the refinement homogeneous in physical units throughout cosmic time a new refinement level is allowed only when the expansion factor is doubled, namely for aexp = 0.1, 0.2, 0.4 and so on. The two simulations use a standard Λ cold dark matter cosmology, with parameters compatible with those of the Wilkinson Microwave Anisotropy Probe (WMAP7) parameters 2 (Spergel et al. 2007 ): total matter density Ωm = 0.272, dark matter energy density ΩΛ = 0.728, amplitude of the matter power spectrum σ8 = 0.81, spectral index ns = 0.967, baryon density Ω b = 0.045 and Hubble constant H0 = 70.4 km s −1 Mpc −1 .
Physics of the simulation
Here, we summarize the main sub-grid models of the simulations, all details can be found in Dubois et al. (2014) .
Radiative cooling and photoheating
Radiative cooling is modeled with the cooling curves of Sutherland & Dopita (1993) , the gas cools down to 10 4 K through H, He, with a contribution from metals. To mimic reionization, photoheating from an uniform ultraviolet radiation background is added, taking place after redshift z=10, following Haardt & Madau (1996) . Metallicity of the gas is modeled as a passive variable, which makes it easily trackable over the gas flow through cosmic evolution. An initial metallicity background of Z = 10 −3 Z is used for the two simulations. The metallicity is then modified by stellar physical processes, such as the injection of gas ejecta from SN explosions, and stellar winds. The simulations account for the release of various chemical elements synthesized in stars and released by stellar winds and SNe: O, Fe, C, N, Mg and Si, however these elements do not contribute separately to the cooling curve.
Star formation and SN feedback
Star formation occurs in dense (ρ > ρ0, with ρ the density of the gas, ρ0 = 0.1 H cm −3 the gas hydrogen number density threshold, see equation 1) and cold (T < T0, see equation 2) cells. The value ρ0 is computed in order to resolve the Jeans mass with 4 cells (Truelove et al. 1997 ). Star formation is modeled with a Kennicutt-Schmidt law:
withρ the star formation rate density, = 0.02 the star formation efficiency (constant with redshift), ρ the density of the gas and t ff the free-fall time of the gas. Stars are created with a Poisson random process calculating the probability to form N stars with a mass resolution of mres, = ρ0∆x 3 ∼ 2 × 10 6 M . The gas follows an adiabatic equation-of-state (EoS) for monoatomic gas with adiabatic index γ = 5/3, except at high gas densities ρ > ρ0, where a polytropic EoS is used to increase the gas pressure in dense gas in order to limit excessive gas fragmentation by mimicking heating of the interstellar medium from stars (Springel & Hernquist 2003) :
with T the gas temperature, T0 the temperature threshold, ρ0 the density threshold, and κ = 4/3 the polytropic index of the gas. Feedback from Type II SNe, stellar winds, and Type Ia SNe, is implemented, and assuming a Salpeter (1955) initial mass function with a low-mass cut-off of 0.1 M , and a high-mass cut-off of 100 M , and a kinetic feedback as in Dubois & Teyssier (2008) . A completed description of the model can be found in Kaviraj et al. (2017b) .
Black hole formation, fueling and feedback BHs are represented as collisionless sink particles, that are able to accrete gas from surrounding cells, and merge together. BH formation occurs in dense regions where ρ > ρ0, initial BH mass is fixed and equal to M seed = 10 5 M , or less if the amount of gas needed is not available. BHs are not allowed to form closer that 50 kpc of an existing BH, to avoid the formation of several BHs within the same galaxy. However, several BHs are found in galaxies, because of galaxygalaxy mergers (see Volonteri et al. 2016) .
The accretion onto the BHs is described by the minimum between a Bondi-Hoyle-Lyttleton accretion rate and the Eddington accretion rate, with:
where α is a boost factor (Booth & Schaye 2009 ) (α = (ρ/ρ0) 2 for ρ > ρ0, and α = 1 otherwise), G is the gravitational constant, MBH the mass of the BH,ρ the average density of the medium,c the average of the sound speed,v the average velocity of the gas relative to the BH, mp the proton mass, r = 0.1 the radiative efficiency, and σT the Thomson cross-section.
BHs can impact their surroundings, and particularly their host galaxies, by means of AGN feedback. The simulation Horizon-AGN includes AGN feedback, whereas Horizon-noAGN does not. AGN feedback is a combination of two modes (see Dubois et al. 2012 , for a complete description of the implementation): radio mode for low accretion rates whenṀBH/Ṁ Edd < 0.01, and quasar mode for high accretion rates withṀBH/Ṁ Edd > 0.01. The radio mode deposits AGN feedback energy into a bipolar cylindrical outflow with a jet velocity of 10 4 kms −1 , with an energy ofĖAGN = f rṀBHc 2 , with an efficiency f = 1. The quasar mode is modeled as an isotropic injection of thermal energy into the gas within a sphere of radius ∆x with an energy ofĖAGN = f rṀBHc 2 , and an efficiency f = 0.15 so that the scaling relations between BH mass and galaxy properties such as velocity dispersion, and BH density in the local Universe (Dubois et al. 2012 ) are reproduced.
Dark matter halo, galaxy and BH catalogues
Dark matter haloes and sub-haloes are identified using AdaptaHOP halo finder (Aubert, Pichon & Colombi 2004) , which uses an SPH-like kernel to compute densities at the location of each particle and partitions the ensemble of particles into sub-haloes based on saddle points in the density field. A total of 20 neighbours are used to compute the local density of each particles, and the density threshold is fixed to 178 times the average total matter density. The force softening (minimum size below which substructures are considered irrelevant) is ∼ 2 kpc. Only dark mater haloes with more than 50 dark matter particles are considered.
Galaxies are identified following the same scheme and parameters, except that the stellar particle distribution is used instead of the dark matter one. We only consider galaxies with at least 50 stellar particles, which corresponds to M gal 2 × 10 8 M . The galaxy stellar mass functions at different redshift are presented in Kaviraj et al. (2017b) , where a good agreement is found with observations (Lee et al. 2012; Caputi et al. 2015; Song et al. 2016 ) for z 4.0, i.e. the redshift range that we are interested in. We note that the number of low-mass galaxies with log 10 M gal 9.5 is somewhat overestimated in the simulation at z = 4 and below.
Finally, we use the BH catalogues from Volonteri et al. (2016) , which studies the BH population of the simulation Horizon-AGN and provides a comparison with observations (e.g. redshift evolution of the BH mass density, the BH mass function). See Volonteri et al. (2016) for a detailed descriptions of how the catalogue is created. In summary, a BH is assigned to a halo+galaxy structure if it lies within 10 per cent of the virial radius of the dark matter halo, and within twice the effective radius of the most massive galaxy within the halo. If more than one BH meets the criteria, the most massive BH is assigned as the central BH.
In the following we focus our analysis on four highredshift snapshots of the simulation, i.e. z = 6.4, 5, 4.3, 4, which span a similar redshift range as the observed highredshift quasars described in Section 2.
GALAXY NUMBER COUNTS: METHODS
In this section we describe the discrepancies between the 3D spherical number counts of galaxies, and the 2D number counts projected along the line-of-sight.
3D spherical galaxy number counts
We first evaluate the baseline against which to compare the counts around quasars and assess whether they are sitting in overdense regions. A first approach is to use the theoretical number of sources N expected for galaxies randomly distributed in space. This can be defined by N (R) = nV (R), with n the number density of galaxies (cMpc −3 ) and V the spherical volume of radius R (cMpc). This represents the number of objects around a given galaxy if galaxies would not cluster. The non-clustering functions for different redshifts are shown as dashed lines in Appendix B1.
A second approach is to compare to the average 3D number count, defined as the median of the distribution of number counts around all the galaxies present in the simulation. Separation distances between galaxies are here computed as 3D distances, with spherical radii ranging from 0.05 cMpc to 50 cMpc. The simulation box being periodic, we correct galaxy positions accordingly for objects at the edges of the box. For simplicity, we do not account for the peculiar velocity of galaxies when we project their positions. We show the average 3D number count as black dashed line in Fig. 2 for different redshifts, the blue and black shaded areas represent the standard deviation ±σ of the distributions (only for two of the distributions for clarity). As galaxies tend to be clustered, the slopes of the average 3D number count functions are slightly shallower, and normalizations higher, than those of non-clustering functions (shown in Fig. B1 ) due to the presence of an enhancement of galaxies at small scales (small R).
Following the same procedure, we compute the 3D number counts of galaxies around massive BHs, and show the median of the distribution in Fig. 2 as colored dashed lines. We use two BH mass ranges: MBH 10 7 M (red lines), and MBH 10 8 M (blue line). There are 81 MBH 10 7 M BHs at z ∼ 6.4, 934 at z ∼ 5, 2019 at z ∼ 4.3, and 2737 at z ∼ 4. There is 1 MBH 10 8 M BH at z ∼ 6.4, 5 at z ∼ 5, 33 at z ∼ 4.3, and 49 at z ∼ 4. For clarity we only show the standard deviation ±σ (blue shaded area) of the distribution of the most massive BHs, but we find similar deviation for the MBH 10 7 M BH sample. We find that, statistically, massive BHs are embedded in overdense regions, i.e. regions with an enhancement of the number count of galaxies compared to the average 3D number counts averaged over all galaxies (black dashed lines). When comparing the curves for the different BH mass ranges (red and blue dashed lines), we also note that on average the number counts around more massive BHs are even higher, and this for all redshifts.
The difference in the 3D average galaxy number count and the number count around massive BH host galaxies is significant for spherical radius of R 10 cMpc. However, the enhancement of galaxy counts in the field of view of massive BHs becomes less statistically significant when we use projected 2D number counts. Projected 2D number counts are shown as solid lines in Fig. 2 and explained in the following.
Projected 2D galaxy number counts
Computing the number of galaxies around a given galaxy in cosmological simulations is straightforward because the x, y, z coordinates of galaxies are known. Observationally, the line-of-sight distance component is affected by redshift uncertainties. Here we aim at comparing results from the 3D galaxy number counts where we simply compute the spherical separation distance between galaxies to those from the 2D galaxy number counts where we use projected separation distance between galaxies, in better agreement with observations of high-redshift quasars.
We count the galaxies that are located around galaxies hosting a BH, in the projected plane x−y, for several circular radii ranging from 0.05 to 50 cMpc. The z-axis corresponds to the line-of-sight, typically ∆z ∼ 1 for studies that use LBGs which corresponds to a line-of-sight distance ∆d ∼ 450 cMpc at redshift z ∼ 6 (the exact value depends on the cosmology). The constraint on ∆z is better when using LAEs, with ∆z ∼ 0.1 and ∆d ∼ 44 cMpc at z ∼ 6. The side length of Horizon-AGN is 142 cMpc. In our analysis we use dz = 50 cMpc. With this choice, we will underestimate the number of projected objects of the quasars field of view compared to the observations of LBGs when their redshift is not well constrained. At the end of the next section, we discuss another choice of dz to understand the impact of redshift uncertainty in the galaxy number counts.
Again, we first evaluate references for the galaxy number counts. We first derive the projected nonclustering galaxy number counts, which assumes that galaxies are randomly distributed in the simulation: N (R) = nprojVproj(R) = n sph × dz × Sproj(R), with n the mean number density of galaxies in the whole simulation volume per cMpc −3 , dz the length of the line of sight redshift uncertainty (here dz = 50 cMpc), Sproj the projected surface between two galaxies of projected separation R (cMpc). These projected non-clustering functions are shown as solid lines in Appendix B1, their normalization and slope is slightly higher than the 3D functions due to the projection effect. A second approach is to compare to the average 2D number counts, whose normalization is higher than the previous because galaxies tend to be clustered. To do so, we compute the number of galaxies in projected circles centered on each galaxy center, and of increasing radius R from 0.05 to 50 cMpc, for all galaxies within the simulation box, hosting or not a BH, and we take the median of this distribution. We show the average 2D counts as solid black lines in Fig. 2 for different redshifts. In the following figures we use the second approach as a reference.
As for the 3D procedure, the median of the distributions representing the 2D number of galaxies around massive BHs in the simulation are higher than the average number counts derived from the simulation on scales 10 cMpc, with counts being higher the higher is the BH mass threshold considered, but the difference is of order a few galaxies and it is statistically undistinguishable from the average case. While the deviation of the 3D number counts in the field of view of massive BHs compared to the average 3D number counts was statistically significant, we find that the deviation of the 2D number counts around massive BHs is not significant anymore and is for most radii R within the variance of the average 2D number count functions.
GALAXY NUMBER COUNTS: RESULTS
In this section we first test the visibility of the enhancement of the galactic 2D projected number counts around massive BHs. While in simulations we can count the true number of galaxies around massive BHs, observations rely on the instruments used for the measure, i.e. a given capability, and spectral band(s). In order to keep our results as general as possible, in the following we do not select galaxies as a function of their luminosity or magnitude in a given spectral band, but rather choose to use the stellar mass of galaxies. We apply three stellar mass thresholds to select galaxies in the field of view of the massive BHs, those are chosen to fairly represent what we be achievable with upcoming space missions: . This does not include any selection on galaxy mass or luminosity, except the limit due to the resolution of the simulation. The blue shaded region represents the standard deviation ±1σ for the 3D number count around M BH 10 8 M BHs. Similar ±1σ are found for the other cases, but are not shown here for clarity. Black lines show the median of average number counts for all galaxies, and the shaded black area the ±1σ of the distribution. Finally, in the bottom panel of every quadrant, we also show the different galaxy number counts between the two methods, defined as N gal,projection − N gal,spherical . The enhancement of counts around galaxies hosting massive BHs when using 3D separation distances, propagates when we use projected 2D distances, but with lower amplitude.
• M 10 8 M , which is similar to the capacity of JWST 3 ; • M 10 9 M to mimic the capacity of the upcoming mission WFIRST;
3 In theory JWST should even be able to detect M 10 7 M , but we are here limited by the simulation resolution
• M 10 9.5 M to mimic the capacity of the mission Euclid.
We have selected these thresholds based on Williams et al. (2018) ; Finkelstein et al. (2017) for JWST, Spergel et al. (2015) for WFIRST, Racca et al. (2016) for Euclid, and the theoretical predictions for these missions derived in Yung et al. (in prep). The percentage of galaxies with a stel-lar mass equal or higher than these thresholds in the simulation Horizon-AGN, is respectively: 99.8%, 9.7% and 1.3%, at redshift z ∼ 6.4. We find similar fractions for the following snapshots: 99.9, 19.4, 3.7 % at z ∼ 5, and 99.9, 25.5, 5.8% at z ∼ 4.3.
4.1 Number counts around massive BH host galaxies Fig. 3 shows the number counts of galaxies around massive BHs as a function of 2D projected separation distance R (cMpc), ranging from 0.05 to 50 cMpc. We use a projected length of dz = 50 cMpc. Top panels present our results for z ∼ 6.4, middle panels for z ∼ 5, and bottom panels for z ∼ 4.3. We increase the stellar mass threshold from left to right panels, as labelled in the figure. We find that the normalization of the counts evolve both with time and with galaxy stellar mass threshold selection. With decreasing redshift from z ∼ 6 to z ∼ 4 (bottom panels), more galaxies are present in the simulation, and therefore the normalization of the counts increases. Similarly, the number of massive galaxies in the field of view decreases when we increase the selection threshold.
Galaxy number counts at small scales are higher in the environment of the most massive BHs (blue lines), and the lower the galaxy stellar mass cut the stronger the contrast between counts for different BH mass cuts and an average density region. Therefore, the more massive BHs are statistically embedded in overdense regions. The distribution of the counts for MBH 10 8 M presents an overdensity down to R ∼ 10 −1 cMpc. This means that at least few regions in the simulation box show very dense environments, and those are primarily due to satellite galaxies, i.e. galaxies that are embedded in the same dark matter halo as the central galaxies hosting the massive BHs that we are looking at. However, differences among the various cases are within the variance and almost disappear when considering a high galaxy stellar mass cut of M 10 9.5 M . If the trend with mass observed here continued at higher BH mass (i.e. quasars), a statistically significant number of deep observations of the fields of bright quasars should be able to see an enhancement on scales 10 cMpc. This should be achievable with JWST and WFIRST.
Here we have used a projected length of 50 cMpc, which correspond to the redshift uncertainty that can be obtained observationally with LAEs (∆z ∼ 0.1). While photometric redshifts at high redshift (z ∼ 5) are less accurate, i.e. in the range ∆z ∼ 0.1 − 0.3 (private communication with Jeffrey Newman, for future missions such as WFIRST), redshift estimate with grisms are more precise, in the range ∆z < 0.05. To understand how the number counts of galaxies is affected by redshift uncertainty, we show the analog of Fig. 3 in Fig. 4 , but using a projected length of 10 cMpc, i.e mimicking a much better accuracy of the redshift estimate. At redshift z ∼ 6, a redshift uncertainty of ∆z < 0.05 (grisms) would correspond to ∆d < 20 cMpc. With this better accuracy of redshift estimate, we find that the enhancement of the galaxy number counts is higher (the blue lines compared to the black lines), and visible to larger scales, particularly for the lower stellar mass thresholds M 10 8 M and M 10 9 M . For those thresholds the difference between the number counts around BHs of MBH 10 7 M and MBH 10 8 M is also larger.
Closest galaxy companion
As explained above, we find that the difference between the average number counts and the number counts in the environment of the most massive BHs is only significant at scale below few cMpc. In Table 1 ., we quantify the probability P for a galaxy hosting a 10 8 M BH to have a closest galaxy companion at a given distance R = 0.05, 0.2, 0.5, 1, 2 cMpc. We compare this to the probability P ref of same mass galaxies but with BHs of < 10 8 M . We compute these probabilities assuming the three different stellar mass thresholds. At z ∼ 5, we find that the probabilities P and P ref of having a close galaxy companion are very similar. These results are affected by the very low number of MBH 10 8 M BHs at this redshift. At lower redshift z ∼ 4.3 for which we have more statistics, we find that galaxies hosting massive BH have a higher probability P of having a close galaxy companion (e.g., at R = 0.05 cMpc) than galaxies with lower mass BHs or no BHs. The discrepancy is slightly washed out when using more restrictive galaxy selection, such as M ,thres = 10 9.5 M . Recent investigations of the environment of highredshift quasars (Trakhtenbrot et al. 2017; Decarli et al. 2017 ) indeed find close companions with separation distances of 0.1 cMpc (i.e. 50 pkpc in proper distances). We confirm that such close companions should be expected.
The diverse environments of high-redshift massive BHs
Given the limited number of deep observations of bright quasar field the relevant approach is to examine the diversity of number counts around individual BH hosts. We show galaxy number counts around individual 10 8 M BH host galaxies as solid blue lines in Fig. 5 . Top panels represent z ∼ 5, middle panels z ∼ 4.3, and we show the difference number counts between the environment of massive BHs and the average number counts (shown in solid black lines) for z ∼ 4.3 in the bottom panels. Left panels shows results when we use a stellar mass cut of M ,thres = 10 8 M , and right panels use M ,thres = 10 9.5 M . We highlight in orange the environments that do not have any galaxy count for R 1cMpc. We do not find any case like that at z ∼ 5 or z ∼ 4.3 when we consider a low stellar mass cut of M ,thres = 10 8 M . However, when we increase the stellar mass threshold to M ,thres = 10 9.5 M , we find that 40% of BH fields of view have a null number count of galaxies within a 2D separation distance of 1 cMpc (i.e. N (R 1 cMpc) = 0) at z ∼ 5, and 48% at z ∼ 4.3. There are two important results here. First of all, we find that even if on average the fields around massive BHs contain more galaxies than control fields, it exits a diversity of environments when we study individual field of view. Some fields have a large number counts of galaxies, while other fields have a galaxy number counts very close to the average number counts around galaxies (hosting or not a BH). Second, we find that the diversity of environments is exacerbated when the observational capacities only allow us to More restrictive galaxy selection Decreasing redshift Figure 3 . Counts of galaxies around BHs in Horizon-AGN at z = 6.41 (top row), z = 4.93 (middle row), and z = 4.25 (bottom row), for 3 different stellar mass thresholds to select surrounding galaxies M ,thres = 10 8 M (left column), M ,thres = 10 9 M (middle column), and M ,thres = 10 9.5 M (right column). Here we use a projected length of 50 cMpc. Black solid lines represent the counts averaged over all the galaxies present in the simulation box, we use these lines as reference of regions with average galaxy number density. Similarly we also show the theoretical number counts of galaxies in a non-clustered field as black dashed lines. Here we consider BHs with M BH 10 7 M (red line), M BH 10 8 M (blue line). The blue shaded region represents the standard deviation ±1σ for the particular case of M BH 10 8 M . Similar ±1σ are found for the other cases, but are not shown here for clarity.
observe the most massive or brightest galaxies in the field of view. Indeed, the number of galaxies close (R < 1 cMpc, orange lines) to the BH host galaxies decreases strongly when using a restrictive stellar mass cut (M ,thres = 10 9.5 M ).
To highlight the diversity of environments that we find in Horizon-AGN, we provide two examples in Fig. 6 . The left panel indicates a dense environment of a massive BH with M ,thres = 10 8 M , while the right panel represents an underdense region around another BH of the same mass. Here, we have selected these two examples as having many or very few galaxies at a separation distance smaller than 2 cMpc. Galaxies in the field of view are shown with white circles if M 10 8 M , and grey circles if M 10 9.5 M . The central grey circle in both panels indicate the host galaxy of the studied massive BH. The circle radii are equal to 10 times the virial radius of galaxies. In the right panel, the galaxies within a couple of cMpc away from the BH are almost all galaxies with M 10 9 M (except the one at ∼ 2 cMpc right on top of the BH host galaxy). Therefore this region will appear almost entirely devoid of nearby galaxies, with probably a ring-like shape at ∼ 3.5 cMpc, with instruments observing galaxies of M 10 9 M , such as WFIRST or Euclid will do.
Number counts of galaxies as a tracer of the halo overdensity
In this section we investigate the correlation between the number counts of galaxies in a given field of view around a massive BH, and the mass of its host dark matter halo. Fig. 7 shows the median of the galaxy number counts in a field centered on all given haloes present in the simulated volume as a function of the virial mass of these haloes as solid colored lines. The galaxy number counts in the field of massive BHs (MBH 10 7 M ) are shown as dashed lines. Colors indicate different 2D projected radii within which we compute the galaxy number counts, i.e. R = 0.2, 0.5, 1 cMpc. The left panels are for redshift z ∼ 5, and the middle and right panels for z ∼ 4.3. The standard deviations ±σ are shown in shaded areas. For the dashed lines, bins below M h = 10 11 M (for both z ∼ 5, and z ∼ 4.3) and higher than M h ∼ 10 11.7 M for z ∼ 5 have the lowest statistics with less than 50 BHs, and therefore larger uncertainties. In the left and middle panels, we apply a selection in galaxy Table 1 . Percentage P of massive BH (M BH 10 8 M ) host galaxies with nearest neighbor within the characteristic distances R = 0.05, 0.2, 0.5, 1, 2, 3, 4, and 5 cMpc, for a given stellar mass threshold to select galaxies. For comparison we also report the percentage P ref of same mass galaxies hosting a M BH < 10 8 M BH to have a galaxy companion at a given distance. Figure 5. Galaxy number counts around individual BHs of M BH 10 8 M with stellar mass cut of M ,thres = 10 8 M (left panels) and M ,thres = 10 9.5 M (right panels) in blue solid lines, at z ∼ 5 (top panels), and z ∼ 4.3 (middle panels). We highlight with orange solid lines the number counts for which there is no galaxy within 1 cMpc, i.e. N (R 1 cMpc) = 0. The bottom panels show the difference number counts between the environment of black holes and the average galaxy number counts. The circle radii are equal to 10 times the virial radius of galaxies. Galaxies hosting a central BH are indicated with a cross. Here, we have selected these two examples as having many or very few galaxies at a separation distance smaller than 2 cMpc, considering galaxies with M ,thres = 10 8 M .
stellar mass M 10 8 M . In the right panels, we test how the correlation between halo mass and number counts evolves with a more restrictive selection of galaxies, by selecting only galaxies with M 10 9 M when computing the galaxy number counts. In the top panels we compute the number counts of galaxies assuming a projected distance of ∆z = 50 cMpc. In the bottom panels, we assume ∆z = 10 cMpc.
The first thing to notice is that, as expected, the galaxy number counts within a given radius around a galaxy trace the mass of the dark matter halo of this galaxy. In other words, more galaxies are located in the field of more massive haloes. In Fig. C1 we compare the Horizon-AGN and Horizon-noAGN simulations and we find very similar results. The median of the galaxy number counts is slightly enhanced for the most massive haloes in the simulation without AGN feedback. Now, when we look at the number of galaxies in the field of view of massive BHs, i.e. the dashed lines, we find almost no difference with the global behavior for massive haloes of M h 2 × 10 11 M . However, we find a different behavior for lower mass haloes, where the number counts of galaxies around massive BHs is much higher on average. At z ∼ 5, we find a median of the BH-halo mass ratio MBH/M h = 8.25 × 10 −5 , and a mean of MBH/M h = 9.5 × 10 −5 for BHs with MBH 10 7 M . For the very few cases of more massive BHs of MBH 10 8 M , we find slightly higher values with a median and mean of MBH/M h = 1.2 × 10 −4 M . Very similar values are found at z ∼ 4.3. We find that there are some BHs with mass significantly larger than expected from the mean ratio MBH/M h , with a maximum mass ratio of MBH/M h = 0.004 for BHs with MBH 10 8 M . The right panel is identical to the middle one (z ∼ 4.3), except that we now only select galaxies with M 10 9 M . As expected the median of the galaxy number counts is lower, and the correlation between the number count and dark matter halo mass lower as well. However we still find an enhancement of the galaxy number counts in the field of view of massive BHs of MBH 10 7 M for low mass haloes of M h 10 7 M . To conclude, we confirm that the galaxy number counts around a given galaxy statistically correlate with the dark matter halo mass of its host halo, as expected. Interestingly, we find that the number counts of galaxies around massive BHs of MBH 10 7 M in haloes of M h 10 11 M is enhanced compared to other haloes. The even more massive BHs of MBH 10 8 M present in the simulation are located in more massive haloes of M h > 10 11 M ; for which we do not find a galaxy count enhancement on average compare to haloes without BHs. Finally, we find very similar results when the redshift estimate is better, i.e. with ∆z = 10 cMpc. The galaxy counts around massive BHs does not appear to strongly constrain the halo mass, independently of the redshift precision of the galaxies.
TESTING THE IMPACT OF AGN FEEDBACK
It has been suggested that feedback from the quasar can suppress star formation in neighbouring galaxies (Efstathiou 1992; Thoul & Weinberg 1996; Benson et al. 2002; Kashikawa et al. 2007; Utsumi et al. 2010; Ota et al. 2018) and therefore a region a priori overdense is observed to be devoid of star-forming galaxies. This is particularly relevant for studies that select galaxies in UV or via UV-driven lines, e.g., LAEs. Also LAEs tend to be lower-mass galaxies, and could be more affected by radiation from the quasars than LBGs (e.g., Kashikawa et al. 2007; Ota et al. 2018 ). Median of the galaxy number counts (at a given projected distance R) in the field of view of galaxies as a function of their dark matter halo mass, at z ∼ 5 (left panels) and z ∼ 4.3 (middle and right panels). Solid lines represent the median of all the simulated galaxies, and the dashed lines the median for galaxies hosting a BH with M BH 10 7 M . We either apply a galaxy cut of M ,thres = 10 8 M (left and middle panels), or M ,thres = 10 9 M (left panels). Top panels use a projected distance of ∆z = 50 cMpc, and bottom panels a better redshift accuracy with ∆z = 10 cMpc. Shaded areas represent the standard deviation of the distributions ±σ. For galaxies we find that the number of close galaxies increases for increasing mass haloes. For galaxies hosting a BH, we find the same trend for high mass haloes (M h > 10 11 M ), and a large enhancement of the number of close galaxies for lower mass haloes (M h < 10 11 M ) with respect to the other galaxies.
Horizon-AGN and Horizon-noAGN
The twin large-scale simulations Horizon-AGN and HorizonnoAGN offer us an opportunity to investigate statistically the specific effect of AGN feedback on the number counts of galaxies around quasars. The galaxy mass function of the two simulations at z = 5 is in good agreement with observations (Kaviraj et al. 2017b , Fig. 7 ), but at later time Horizon-noAGN shows an increasing overestimate, similar to what is found in the stellar-halo mass relation (Dubois et al. 2016, Fig. 10) . Including AGN feedback leads to less massive/luminous galaxies, so that at a given luminosity, there are fewer galaxies in the simulation Horizon-AGN. We can then expect the galaxy counts around massive BHs to be lower, at least at large scale, resulting from the global effect that there are less luminous galaxies in the simulation box (because of their own AGN feedback). The counts at very small scales are more likely to be representative of the impact of a given BH on its surroundings, and we discuss this in more detail in the Section 5.2.
We carry out object-to-object comparisons to ensure that we study the impact of AGN feedback on the same objects in the two simulations. We follow the method developed in Peirani et al. (2017) . Each galaxy is first coupled to a dark matter halo. Galaxy-halo pairs are chosen by associating the most massive galaxy located within 5% of the virial radius of its host halo. Dark matter haloes are matched initially between the two simulations if 75% or more of the dark matter particles in one given halo of Horizon-AGN are also present in the corresponding halo in Horizon-noAGN. To exclude spurious couples of dark matter haloes, we only consider couples with total halo virial mass ratio higher than 0.1 and lower than 10. For example at z ∼ 5 we match 61% of Horizon-AGN galaxies hosting BHs of MBH > 10 7 M with galaxies in Horizon-noAGN , 84% for BHs of MBH > 6 × 10 7 M , and 80% for BHs of MBH > 10 8 M . Here we need to remember that even if we can connect galaxies from one simulation to another, the processes taking place in those galaxies are still different, on potentially different timescales, and/or shifted in time. However, as we here focus our comparison to the counts around massive BHs, i.e. on the number counts of galaxies of a given luminosity, we do not expect this potential shift in time of the evolution of galaxies between the two simulations to affect much our comparison.
In Fig. 8, we show the average galaxy number counts Figure 8 . Galaxy number counts around BHs in Horizon-AGN at z ∼ 4.3 (solid lines), and around the corresponding galaxies in Horizon-noAGN (dashed lines), for 3 different stellar mass thresholds M ,thres = 10 8 M (left panels), M ,thres = 10 9 M (middle panels), and M ,thres = 10 9.5 M (right panels). For clarity, we only show BHs with M BH > 10 8 M , as blue solid and dashed lines, but the two other ranges of BH mass have similar behavior. The blue shaded region represents the standard deviation ±1σ for the simulation Horizon-AGN. Black and dashed grey lines represent the number counts of galaxies averaged over all the simulated galaxies for Horizon-AGN and Horizon-noAGN, respectively, and are shown here for reference. Bottom panels show the residual of the logarithm of the number of galaxies of the simulation Horizon-AGN relative to that of the simulation Horizon-noAGN.
of the entire population of galaxies in black solid lines for the simulation Horizon-AGN, and in grey dashed lines for the simulation Horizon-noAGN, at z ∼ 4.3. As before we use three different stellar mass thresholds to count galaxies: M ,thres = 10 8 M (left panel), M ,thres = 10 9 M (middle panel), and M ,thres = 10 9.5 M (right panel). The average galaxy number counts (averaged over all galaxies in the simulated volume) are very similar in Horizon-AGN and Horizon-noAGN. We show the galaxy number counts in the field of view of MBH 10 8 M BHs as blue solid (Horizon-AGN) and dashed lines (matched galaxies in Horizon-noAGN). To keep the figure clear, we only show this BH mass range, but we obtain similar results (with lower amplitude) for ranges of lower BH mass. The median of the galaxy number counts in BH fields is very similar in the simulations Horizon-AGN and Horizon-noAGN. The number counts are only very slightly higher in Horizon-noAGN when considering a low stellar mass limit of M ,thres = 10 8 M . The deviation slightly increases for more restrictive selections of galaxies, while still being statistically not significant. We find that AGN feedback, either from the massive BH host galaxies or from the galaxies in the field of view, is statistically only slightly impacting the galaxy number counts when fainter galaxies can be observed. However, for more restrictive selections of galaxies (i.e. only more massive galaxies), AGN activity in the neighboring galaxies can make their observational detections harder because of suppressed star formation, masking the potential overdensity of the regions.
To illustrate our findings, we present in Fig. 10 two projected gas density maps of the simulations Horizon-AGN (top panel), and Horizon-noAGN (bottom panel), centered on the same galaxy, indicated with a pink cross symbol. White circles indicate neighborhing galaxies with stellar mass of M 10 8 M , and grey circles galaxies with M 10 9.5 M . For Horizon-AGN, galaxies hosting a central BH are shown with a white or grey cross. We see here by comparing the two gas density maps, that fewer bright/massive galaxies (grey circles) are indeed found in the top panel for the simulation Horizon-AGN than for the simulation Horizon-noAGN.
Radiation from massive BHs?
In the previous section we have seen that the impact of AGN feedback was very weak, and mostly due to the presence of AGN in the nearby galaxies rather than a real effect from the massive BH host galaxies we were interested in. In the present section we want to estimate on what scales radiation feedback, which is not included in Horizon-AGN, might affect galaxies. When studying the quasar CFHQS J2329-0301, Utsumi et al. (2010) find that the galaxies in the field of view of the quasar are concentrated in a ringlike shape of radius ∼ 3pMpc (i.e. ∼ 15cMpc). Similarly, Kashikawa et al. (2007) find that there is no LAEs galaxies within 4.5 cMpc around the quasar QSO SDSS J0211-0009 at z = 4.87 (though several LBG are identified, but with larger uncertainties in the determination of their redshift). AGN feedback from the central quasar has been invoked to explain the absence of galaxies within this ring-like region. We have seen in the previous section that the thermal component of AGN feedback is not sufficient to greatly affect the properties of galaxies around a quasar. The possibility remains that strong radiation emanating from the quasar, which is not included in Horizon-AGN, could photoionize the gas in the galaxies present in its close vicinity and quench their star formation. As described in section 4.2, close galaxies and satellite galaxies, i.e. galaxies residing in the same dark matter haloes, which are located in the close vicinity of massive BHs, can be impacted by strong radiation from these central massive BHs. Radiation-hydrodynamical simulation are necessary to investigate the effect of strong radiation on the neighboring environment of quasars, and demonstrate whether they are able to cease star formation in the surrounding galaxies, and on which length scale. This is beyond the scope of the present paper. Instead, we follow another approach, and compute the HII region radius around all the simulated BHs in Horizon-AGN.
The size of a HII region around a BH, depends on the ambient density of hydrogen (nH, in cm −3 ), and the rate of ionizing photons (Q , in s −1 ) that are emitted by the BH. The radius of the HII region can be expressed as:
where the recombination rate per unit volume is defined by Rrec = αT nH ne = αT n 2 H , and αT = 2.6 × 10 −13 cm 3 s −1 is the temperature dependent radiative recombination coefficient. Because hydrogen is the most abundant element and is fully ionized in the region, the volume density of hydrogen and electron can be considered equal (nH = ne).
In Fig. 9 , we show the size of the HII regions around BHs as a function of the volume density of hydrogen nH. This figure illustrates the dependency of rHII with nH, where we compute the ionizing photon rate Q from each BH of the simulation, i.e. self-consistently taking BH mass and BH Eddington ratio from the simulation. We show the median size of the HII region around massive BHs of MBH 10 7 M in red solid line, and of MBH 10 8 M in blue solid line, at z ∼ 4.3. Shaded areas represent the standard deviation ±1σ of the distributions.
To illustrate the shape of HII regions, we also provide on the top panel of Fig. 10 the size of the HII region (pink shaded region) for an individual BH in the simulated volume. This BH has a mass of MBH = 6 × 10 7 M and an Eddington ratio of log 10 f Edd = −1, at z ∼ 5. We first compute the nH profile along 40 different lines-of-sight, all in the plane (x,y) (i.e. the plane represented in Fig. 10 ), and in radial bins from 0 to 5 cMpc. The minimum and maximum nH values of these 40 profiles are presented in Fig. D1 in a blue shaded area. For comparison, we also show the mean nH profile as a grey line, computed in spherical shells (i.e. in 3D space) from 0 to 5 cMpc around the BH. We then numerically solve Eq. 5 for a non-homogenous nH medium using the nH profiles along the lines-of-sight. Resulting rHII values for all lines-of-sight are shown as pink dots in Fig. 10 , highlighting the high anisotropy of the HII region around the BH. The HII region extends to large radii (with rHII > 5 cMpc) in some directions. In some others the HII region size is much more reduced due to very dense environments. This is the case for the bottom left region around the BH where we note the presence of many galaxies in the plane (x,y).
Impacted regions can have a size from below 1 cMpc to ∼ 10 cMpc (see also Wyithe, Loeb & Carilli 2005) , depending on the BH mass, its accretion rate, and the hydrogen density of its environment. These are the scales that are probing the enhancement of the number counts, see Section 4. The ability of this strong radiation to cease or alter star formation in these nearby galaxies, and consequently their detectability, also depends on their own properties, e.g. their mass. Low-mass galaxies would be more impacted (Rees 1986; Babul & Rees 1992; Efstathiou 1992) . Kashikawa et al. (2007) qualitatively estimated that UV radiation from quasars can suppress galaxy star formation in haloes with Mvir < 10 9 M , but would not affect more massive haloes of Mvir > 10 11 M . This can have strong consequences on the distribution and type of galaxies around quasars. LBGs with mass Mvir ∼ 10 11−12 M would not be affected by radiation, but LAEs, which are believed to be less massive in general, would be more affected. Another feedback of massive BHs could be radiation pressure-driven winds. These winds could impact even more the nearby galaxy satellites by sweeping out or evaporating their gas content. The duty cycle of quasars is also an important parameter, strong activity of the quasars at early times would delay star formation in the surroundings, preventing their observability. However, if the activity of the BHs peaks after the formation of the surrounding galaxies, the galaxy enhancement could still be observable. The duty cycle of quasars is constrained by comparing the number density of quasars with the number den-sity of dark matter haloes (Haiman & Hui 2001; Martini & Weinberg 2001; White, Martini & Cohn 2008; Furlanetto & Lidz 2011; Eilers et al. 2017 ), but constraints remain limited at high redshift. Several other processes could explain the ring-like shape of the galaxy density around quasars, as well as observation biases if low-mass galaxies are missed (see end of Section 4.2). Therefore further theoretical studies using cosmological simulations of massive galaxies with massive BHs using radiative transfer to study the impact of BH feedback on surrounding small galaxies (with e.g. selfconsistent filling factor of the medium, escape fraction, etc) are needed to improve our understanding of this observational feature.
CONCLUSIONS
In this paper, we have investigated the galaxy number counts around the most massive BHs in the state-of-the-art large scale cosmological hydrodynamic simulation Horizon-AGN, and compared them to the average number counts computed by averaging over all galaxies in the simulated volume. Our goal was to a) provide a theoretical framework with hydrodynamical simulations to investigate/understand the puzzling diversity of quasar environments that have been found so far in observations (Fig. 1) , and b) to predict how the upcoming space missions JWST, WFIRST, and Euclid will help us improve our understand of high-z massive BH environments. In the following we summarize our main results.
• We find that there is an excess of 3D galaxy counts in the neighbourhood of massive BHs compared to average field (Fig. 2) . This excess can be up to 10 galaxies within a sphere of radius 1 cMpc at z=5-4, for exemple. This excess is statistically significant for BHs with MBH 10 8 M for spherical separation radius of R 10 cMpc. The enhancement of the number counts is more pronounced for more massive BHs.
• When using 2D projected separation distances, we find that the enhancement of galaxy number counts in the field of view of massive BHs partly vanishes/becomes statistically insignificant (Fig. 2) , and is significant only at very small radius for the most massive BHs (< 1 cMpc) for which we find a difference of a few galaxies. We still find that the enhancement of the number counts is more pronounced for more massive BHs.
• In order to mimic the ability of the upcoming missions JWST, WFIRST and Euclid to detect galaxies, we have applied three different stellar mass thresholds to select galaxies present in the BH fields of view (Fig. 3) . While the high sensitivity of JWST should allow to detect the enhancement of the galaxy number counts around BHs of MBH 10 8 M , selecting only massive galaxies (with e.g., WFIRST or Euclid sensitivity) decreases the amplitude of the overdensity compared to average field.
• Moreover, we also find that the enhancement of the galaxy number counts around the most massive BHs is larger (especially for non-restrictive cuts to select galaxies) for better redshift precision (Fig. 4) of the galaxies in the fields than LAE galaxies, for example with grism measurements. For example, the number counts of galaxies at z ∼ 5 with a stellar mass cut of M ,thres 10 9 M is significantly en- Figure 10 . Projected gas density maps of the simulations Horizon-AGN (top panel), and Horizon-noAGN (bottom panel), centered on the same galaxy (indicated by a pink cross) hosting a BH with M BH = 6 × 10 7 M . White circles indicate neighborhood galaxies with M 10 8 M , and grey circles galaxies with M 10 9.5 M . The circle radii are equal to 10 times the virial radius of galaxies. For Horizon-AGN, galaxies hosting a central BH are shown with a cross. AGN feedback lowers star formation rate and the resulting luminosity/stellar mass in massive galaxies hosting a BH. Indeed we see here by comparing the two gas density maps, that fewer massive galaxies (grey circles) are found in the top panel for the simulation Horizon-AGN than for the simulation Horizon-noAGN. On the top panel, we show the HII region of the BH in the plane (x,y). Pink dots indicate r HII computed along 40 lines of sight in this plane.
hanced compared to average until 2 cMpc, instead of 1 cMpc with the redshift precision of LAEs.
• The variance of the number counts around massive BHs is large, and decreases for the environments of the most massive BHs with MBH 10 8 M (Fig. 5) . Using a higher stellar mass cut to select galaxies in the fields of view also increases the variance, even for the most massive BHs.
• In the field of view of massive BHs, we find an excess of close companions with small projected separations of R 1 cMpc (∼ 15 − 20 pkpc in proper distances at z ∼ 5). This is in good agreement with recent observational findings (Trakhtenbrot et al. 2017; Decarli et al. 2017) . Interestingly, we find a few cases for which the BH host galaxies have a close galaxy companion with no further overdensity at large scales.
• As expected, we confirm that there is a correlation between halo masses and galaxy number counts when averaged in the entire simulated volume. We find a similar correlation between the mass of massive BH (MBH 10 7 M ) host haloes and galaxy number counts for haloes of M h 10 11 M . However, we find an enhancement of the galaxy number counts around massive BHs for lower mass haloes. Galaxy counts around massive BHs do not appear to strongly constrain halo mass, even when we increase the redshift precision of the counted galaxies.
• We find that AGN feedback makes the detection of bright/massive galaxies around an AGN less likely because it suppresses star formation in the most massive galaxies. The effect, based on the implementation in Horizon-AGN, is small (Fig. 8) .
• Radiative feedback from the quasar, namely the ability to photoionize gas in low-mass galaxies and suppress their ability to form stars, is potentially important. We calculated the theoretical size of the HII regions around massive BHs in Horizon-AGN along several lines-of-sight (Fig. 10) , and find that they can extend on large scales, 1−10 cMpc. Our results also highlight the anisotropy of the HII regions, depending on the environment of the high-z BHs, i.e. on the density of hydrogen along different lines-of-sight emanating from the BHs.
In this paper we find that even if statistically massive BHs live in overdense regions of the Universe, a large diversity of environments is to be expected at high redshift. This large diversity found in the simulation is enhanced by the difficulty of observing high-redshift galaxies, and the uncertainties on galaxy's redshift estimate. Therefore the large diversity of environments found in the observations, i.e. so far the environments of about 20 quasars in the range z ∼ 4 − 7, does not seem unexpected. New upcoming space missions such as JWST or WFIRST will have the power to constrain even more the environments of massive BHs. The high capacities of JWST to observe fainter galaxies will allow to observe again the environment of some high-redshift quasars, for which an overdensity was not found. For example, there were no galaxy observed in the close vicinity ( 3 pMpc) of the quasar CFHQS J2329-0301 (z = 6.4, Utsumi et al. 2010) . AGN feedback from the quasar could have delayed the formation of close galaxies, or suppressed their star formation rate. Looking for fainter galaxies with JWST will help us constrain the role of AGN feedback for these extremely massive objects. Here we find that the AGN feedback in Horizon-AGN does not have a strong impact on the galaxy number counts. However from our analytical estimate we find that the size of the HII region around massive BHs is very anisotropic and could extend on potentially large scales. Simulations with radiative feedback are needed to further understand how AGN feedback impact the surroundings of quasars. Radiative pressure-driven winds could also remove gas from the very nearby galaxies.
The present-day properties and environments of the descendants of the high-z quasars are still not well understood. In a forthcoming paper we study the ability of the high-z environments, i.e. over-dense vs under-dense regions, to foster the subsequent growth of central supermassive BHs down to z = 0. view that are probed by the instruments used in these studies (MUSE, HST ACS, GMOS-North, VLT FORS2, shown as vertical solid black lines). We also provide information regarding the instruments, and galaxy selection, for the different quasar fields in Table 1. First of all, Schneider et al. (2000) report the discovering of a pair of quasars at z = 4.25, including the quasar J143951+003429. The second quasar is identified at a separation of 33", which correspond to ∼ 1.2 cMpc. Another pair of quasars, including quasar J0221-0342, found at z = 5.02 in the CFHT Legacy Survey, is described in McGreer et al. (2016) . They are separated by an angle of 21", which correspond to a transverse separation of ∼ 0.81 cMpc at that redshift. The discovery of these quasars pairs favors the idea of quasars being in overdense regions at high redshift and scale of ∼ cMpc. Except these two special cases relating the discovery of quasar pairs, the other studies focus on the identification of galaxies around quasars. We report here several studies by chronological order of publication. Zheng et al. (2006) report the observation of 9 candidate galaxies around quasar SDSS J0836+0054, at z = 5.82, with a minimum separation of 0.8 cMpc. This study of the overdense region uses the Advanced Camera for Surveys ACS at the Hubble Space Telescope (ACS HST).
The galaxy density around 5 high-redshift quasars is studied in Kim et al. (2009) , where half of the environments are underdense or similar to blank field, half of them are overdense. Quasar J1030+0524, at z = 6.28, is close to 14 candidate galaxies. Stiavelli et al. (2005) also find evidence for an overdensity of LBGs in this quasar field using the ACS HST with a FoV of 11 arcmin. This quasar has been studied by Willott et al. (2005) with the GMOS-North imaging spectrograph with a FoV of 5 ×5 , and has been studied recently by Morselli et al. (2014) as well, with the large binocular Telescope, with a FoV of 8 × 8pMpc. Quasar J1630+4012 at z = 6.05 (Kim et al. 2009 ) is surrounded by 11 candidate galaxies, quasar J1048+4637 at z = 6.23 by 7 candidate galaxies (also studied by Willott et al. 2005; Morselli et al. 2014) , quasar J1148+5251 at z = 6.40 by 3 candidate galaxies (also studied by Willott et al. 2005; Morselli et al. 2014) , and finally one candidate galaxy is observed close to the last quasar J1306+0356 presented in Kim et al. (2009) . These numbers of candidate galaxies are upper limits. Utsumi et al. (2010) study the vicinity of the quasar CFHQS J2329-0301, at z = 6.4, and find an overdensity of 7 LBG in the quasar field of view. These galaxies are concentrated in a ring-like shape, of radius ∼ 3 pMpc, centered on the quasar. No overdensity is, however, found in the very close vicinity of the quasar. The strong UV radiation of the quasar could suppress galaxy formation in the close vicinity of the quasar, or the UV selection could fail to identify some galaxy with the UV spectrum being obscured by star formation. This study was the first to use a wide FoV of 34 × 27 , with the Suprime-Cam at the Subaru Telescope.
The environment of ULAS J0203+0012 is studied in Bañados et al. (2013) , this is a quasar at z = 5.72, 2 candidate galaxies are found, but this is consistent with a blank field and therefore there is no evidence for an overdensity of galaxies around this quasar. For the first time, they search for LAE galaxies, for which a better estimate of the redshift can be achieved, with ∆z ∼ 0.1 (instead of ∆z ∼ 1 for LBGs). The observations have been conducted with the spectrograph FORS2 with a FoV of 6.8 × 6.8 . Husband et al. (2013) search for LBGs in 3 quasar fields, with FORS2 at the VLT. 7 LBGs and another quasar RD567 are identified around quasar J0338+0021 at z = 5.03, 4 around quasar J1204-0021 at z = 5.09, and 2 around quasar J2130+0026 at z = 4.95. These numbers include only spectroscopically confirmed LBGs. Two of these 3 quasars show evidence for an enhancement in the counts. This work also argues that the studies based on imaging only may miss some of the objects on the high-redshift quasar fields, and that a control sample is necessary to evaluate the strength of the overdensities. McGreer et al. (2014) study the environment of quasar CFHQS J0050+3445, observed at z = 6.25 with the ACS HST and WFC3, one galaxy is observed, and could be at a separation of less than ∼ 5 pkpc from the quasar. The same work also relates the discovery of another galaxy, with a separation of less than ∼ 12 pkpc, in the field of quasar SDSS J025617.7+001904 at z = 4.79. The close separation of these objects, could illustrate the mergers of two galaxies.
Using the LBG search technique and the ACS HST instrument, Simpson et al. (2014) do not find any excess in the field of view of the most distant quasar ULAS J112001.48+064124.3 at z = 7.08.
In a recent paper, Mazzucchelli et al. (2017) study the vicinities of the quasar PSO J215.1512-16.0417, searching for LAEs with FORS2 at the VLT, but also do not find any excess of galaxies.
However, Farina et al. (2017) recently related the discovery of a close LAE companion (12.5 pkpc separation) of the quasar J0305-3150, observed at z = 6.61. This study has been carried with the Multi Unit Spectroscopic Explorer MUSE at the VLT. Decarli et al. (2017) describe the recent discovery of a companion star-forming galaxy in the field of view of four quasars with the Atacama Large Millimeter Array (ALMA): quasar SDSS J0842+1218 (z = 6.08, projected separation of 47.7 pkpc), quasar CFHQ J2100-1715 (z = 6.08, projected separation of 60.7 pkpc), quasar PSO J231-20 (z = 6.59, projected separation of 8.4 pkpc), and quasar PSO J303-21 (at z = 6.23, projected separation of 13.8 pkpc). For the first time, this identifies galaxies that are forming stars very efficiently at high redshift, more than 100 M /yr, while so far only quasar host galaxies were known to be able to do so.
A2 Discussion on the uncertainties
As the enhancement of galaxy counts around high-redshift quasars is not clear, in the following we summarize the main reasons that could lead to such variability/discrepancy in the findings of all these studies. First of all, searching for LBG galaxies at high redshift of z = 5 − 6 is very challenging, because of both the uncertainties in the number counts of dropout for LBG galaxies, and the large uncertainties regarding the redshift of those galaxies in the quasar fields. Recently, the search for LAE galaxies have been used as another method to study high-redshift quasar environment, this is an important improvement, because reducing the redshift uncertainty of the galaxies from ∆z ∼ 1 for LBGs to ∆z ∼ 0.1 for LAEs. Some of the studies presented Table A1 . Summary of the sample of high-redshift quasars described in Section 2. We provide here the name of quasars, their redshift, reference of the study presenting the number counts of objects in their field of view, instruments and galaxy selection criteria.
below could suffer from probing only relatively small scale environment around the quasars. In fact, some quasars have been observed several times, with different instruments, selection criteria, and FoV. This is the case for the quasars J1148+5251 (Willott et al. 2005; Kim et al. 2009; Morselli et al. 2014) , J1048+4637 (Willott et al. 2005; Kim et al. 2009; Morselli et al. 2014) , and J1030+0524 (Stiavelli et al. 2005; Willott et al. 2005; Kim et al. 2009; Morselli et al. 2014) , as mentioned in the description above. These different studies yield different findings, and particularly larger FoVs seem to show enhancements of galaxies, that were not found with previous smaller FoV studies. The idea of observing the enhancement of galaxies on larger scales was triggered by Overzier et al. (2009) , which show that the enhancement of galaxies can be on scales as large as 70 cMpc at z = 6, that are too large to be probed by HST ACS, or GMOS-North, for example. Also, the enhancement at smaller scales, could be attenuated by AGN feedback in the HII region (sphere of ionized gas) around massive BHs, which may be able to cease star formation in the surrounding galaxies (Kashikawa et al. 2007; Utsumi et al. 2010) . We address this point in more detail in Section 5.2.
The counts of LAEs could also suffer from the complicated radiative transfer of the resonant Lyman α emission line and a large scattering cross-section, which could generate anisotropic selection biais (Zheng et al. 2011 ). The consequent observed Lyα emission is very sensitive to the local environment properties, such as matter density, line-of-sight velocity, density gradient on the line-of-sight, and the velocity gradient on the line-of-sight and perpendicular to it. For example, the probability of observing LAEs is higher in under dense regions than in overdense regions if density fluctuations are along the line-of-sight, but the probability becomes higher in over dense regions if the fluctuations are transverse to the line-of-sight. This results in an attenuation of the line-of-sight density fluctuations and an enhancement of transverse density fluctuations. We also note that these effects have been recently investigated with the Illustris simulations, and are found to be smaller (Behrens et al. 2017 ).
There are many uncertainties in the measurement of the galaxy overdensity traced by number counts around highredshift quasars. Using deeper, and multi-wavelength imaging, as well as spectroscopic confirmation could help to detect galaxies that could have been missed by the current galaxy selections, such as the very faint galaxies, the starforming galaxies that are strongly obscured, and the galaxies without star forming activity. The upcoming James Webb Space Telescope (JWST) could be able to further investigate the presence of these galaxies in quasar fields of view in the near future. Also, using large fields of view (Overzier et al. 2009; Utsumi et al. 2010; Morselli et al. 2014 ) could allow us to detect larger scale overdensity, that could be missed by other studies using smaller FoV. Using additional control fields would increase our understanding of the definition of overdensity. In the following we use two state-of-the-art sim-ulations Horizon-AGN and Horizon-noAGN to investigate the number counts of galaxies around massive BHs.
APPENDIX B: REFERENCE GALAXY NUMBER COUNTS FOR RANDOMLY DISTRIBUTED GALAXIES
We show the number counts of galaxies that we expect in the simulation for a non-clustered region in Fig. B1 . We show these functions for different cuts in luminosity (green for M ,thres = 10 8 M ; orange for M ,thres = 10 9 M ; red for M ,thres = 10 9.5 M ), and for spherical radii (dashed lines) or projected separation distance between galaxies (solid lines).
APPENDIX C: GALAXY NUMBER COUNTS AND DARK MATTER HALO MASS
In Fig. C1 , we show the median of the galaxy number counts at a given projected distance R in the field of view of galaxies as a function of their dark matter halo mass, for the simulation Horizon-noAGN (solid lines), and Horizon-AGN (dotted lines). We find very similar correlations, with a slightly higher number counts of galaxies for the simulation with no AGN feedback for the most massive haloes.
APPENDIX D: PROFILES ALONG LINES-OF-SIGHT
In Fig.D1 we show in blue shaded area the minimum and maximum of the nH profiles along the 40 lines-of-sight from an individual BH. These lines-of-sight are all in the plane (x,y). For comparison we also show in grey line the mean nH profile computed in spherical shells around the BH. The black line indicates the cumulative nH profile. The little red symbol on the bottom left of the figure indicates the virial radius of the BH host galaxy. We use the nH profiles along the lines-of-sight to compute the shape and size of the HII region in the plane (x,y) around this BH. Figure B1 . Number of galaxy counts in the absence of clustering, for different cuts in galaxy stellar mass (green lines: M ,thres = 10 8 M ; orange lines: M ,thres = 10 9 M ; red lines: M ,thres = 10 9.5 L ), and for spherical radii (dashed lines) or projected separation distance between galaxies (solid lines). Figure C1 . Median of the galaxy number counts at a given projected distance R in the field of view of galaxies as a function of their dark matter halo mass, for the simulation Horizon-noAGN (solid lines), and Horizon-AGN (dotted lines). Here we consider a stellar mass cut of M ,thres 10 8 M , and a projected distance of 50 cMpc, but similar results are found for different stellar mass cuts, and projected distance of 10 cMpc. Figure D1 . Minimum and maximum values of n H profiles (blue shaded area) along 40 lines-of-sight from an individual BH in the plane (x,y). For comparison we show with the grey line the 3D profile, computed in spherical shells around the BH. We also show the cumulative profile with the black line (where for each radius the n H value encloses all the n H content from the galaxy to the given radius). Finally, the red symbol on the bottom left of the figure indicates the virial radius of the BH host galaxy.
